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Once, and only once
The preparation for DNA replication initiation is tightly linked to cell-cycle
progression, ensuring that replication occurs only once per cycle. The time
is ripe for a molecular dissection of the links between the two processes.
One of the most important events in the life of a
eukaryotic cell is the replication of its DNA. Careful
controls ensure that replication is confined to a specific
phase of the cell cycle, known as S phase, and that it is
properly coordinated with other major cell-cycle events.
In order for replication to occur only once per cell cycle,
each new round of replication must be preceded by
passage through mitosis, or M phase. Replication is also
usually dependent on passage through a commitment
point in G1 phase, at which cells either enter another
round of replication and cell division, or exit the cell
cycle and cease proliferating. Although the general prin-
ciples underlying these controls have been known for
some time, a molecular understanding of the regulation
has had to await advances in both the cell-cycle and
DNA replication fields.
Experiments using cultured cells and, later, extracts of
Xenopus eggs that support DNA replication in vitro, led to
the view that the cell cycle can be divided into two broad
periods (Fig. 1). In the first, which coincides with G1,
nuclei are competent to enter S phase; in the second,
which encompasses the S, G2 and (possibly) M phases,
nuclei are not competent to initiate a new round of S
phase. Attempts to explain the control of replication in
these terms must address three questions. First and fore-
most, what is the molecular basis of the distinction be-
tween the competent and incompetent states? Second,
what induces replication at the end of G1 phase, and
how does this cause initiation-competent nuclei to be-
come initiation-incompetent? Finally, how do initiation-
incompetent nuclei regain their competence as cells
progress through mitosis and enter a new cell cycle?
Initiation of DNA replication
It is thought that the initiation of DNA replication in
eukaryotes occurs at specific sites on the DNA, the ori-
gins of replication, and is performed by initiation pro-
teins that specifically recognize these origins, catalyze
their localized unwinding, and load replication proteins
onto the exposed single strands. The best description of
eukaryotic origins and the proteins of the replication-
initiation machinery has been obtained from the yeast
Saccharomyces cerevisiae [1]. Origins from these cells con-
tain two domains: domain A, which is found in all ori-
gins and appears to be the most critical element for
origin function, and domain B, which is located on the
3' side of the T-rich strand of domain A, exhibits little
sequence conservation, and is composed of multiple,
partially redundant, subdomains.
A putative initiation protein has recently been purified
on the basis of its ability to bind specifically to domain
A [2]. This origin-recognition complex (ORC) is com-
posed of six distinct polypeptide subunits, Orcl to Orc6,
with molecular weights of 120, 72, 62, 56, 53 and
50 kD, respectively. The genes for all six subunits have
been cloned, sequenced and shown to be essential. The
predicted amino-acid sequences of ORC2 and ORC6
[3-5] - the two genes that have been reported to date
- do not reveal any clues as to their biochemical func-
tion. Potential homologs of ORC2, however, have been
found in several other species, suggesting that ORC is
conserved among eukaryotes.
Two lines of evidence indicate that ORC is important
for the initiation of DNA replication in S. cerevisiae. Point
mutations in domain A that disrupt ORC binding also
disrupt origin function [2], and a conditional-lethal mu-
tant of ORC2, orc2-1, appears to be partly defective in
origin function and S-phase entry [5,6]. Despite ORC's
apparent role in the initiation of DNA replication, the
only biochemical function that has been assigned to puri-
fied ORC so far is origin binding. The inability to detect
other activities required for initiation (such as DNA un-
winding) suggests that ORC may need to act in concert
with other proteins to bring about this event.
A molecular basis for the two-state model
A more indirect examination of the proteins that associ-
ate with origins in S. cerevisiae has been performed using
in vivo footprinting [7]. The results suggest that there are
two different protein complexes at the origin - a pre-
replicative complex, present during G1, and a post-
replicative complex, present during the S, G2 and M
phases. Because the presence of these complexes seems
to coincide with the two states of initiation competence,
these complexes could be the molecular determinants
that distinguish between these two states. If this is the
case, then initiation competence would appear to be
determined at the level of each origin by the assembly
of proteins there. Although the identity of these proteins
can only be inferred from these studies, the striking
resemblance of the post-replicative footprint with that
generated by purified ORC in vitro strongly suggests that
ORC binds the origin in vivo during S, G2 and M
phases. This observation reinforces the view that ORC
binding alone is insufficient to induce initiation. In com-
parison, the pre-replicative footprint has an expanded
window of protection that extends into domain B. Al-
though this extended footprint can be interpreted in
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Fig. 1. Schematic model for the cell-cycle
control of replication initiation. The two
states of initiation competence coincide
with the presence of two distinct com-
plexes at the origin [7]. Formation of the
pre-replicative complex is an early first
step that allows the initiation machinery
to respond to later initiation triggers at
the G1/S border [16,20,21]. Initiation
induces disassembly of the pre-replica-
tive complex, and further assembly is
actively inhibited during the remainder of
the S, G2, and M phases, thereby block-
ing reinitiation. Exactly how this block is
imposed during S phase is not under-
stood. The kinases responsible for block-
ing reinitiation at later stages of the cell
cycle [22-24] are removed by the act of
mitosis, clearing the way for reassembly
of the pre-replicative complex. Listed in
parenthesis are components that may be
involved in this control (see text).
several ways, one appealing hypothesis is that one or
more additional protein(s) is recruited to the ORC-
origin complex during G1 phase.
A number of potential candidates for such additional
proteins have been identified in S. cerevisiae. One set is
encoded by the MCM (minichromosome maintenance)
gene family (reviewed in [8]); a collection of five genes
- MCM2, MCM3, CDC46 (=MCMS), CDC47 and
CDC54 - each of which is required for efficient repli-
cation initiation. Immunolocalization of Mcm2, Mcm3,
and Cdc46 proteins shows that they are present in the
nucleus only during G1 phase, coinciding with the ap-
pearance of the pre-replicative complex, and reside in the
cytoplasm during the rest of the cell cycle. Moreover, gen-
etic interactions observed between ORC6 and CDC46
suggest that the Mcm and ORC proteins cooperate to
bring about replication initiation [4]. These esults raise
the possibility that the Mcm proteins participate in the
assembly of a pre-replicative complex and are responsible
for conferring initiation competence on yeast origins in
G1 phase - that they act as 'competence factors'. In ad-
dition, they suggest that this competence is controlled
during the cell cycle by regulating the nuclear localization
of Mcm proteins.
Such a scenario is reminiscent of the 'licensing factor'
model [9], which was one of the first models proposed
to explain the dependence of each S phase on a preced-
ing M phase. The model arose from the observation that
the inability of Xenopus replication extracts to re-repli-
cate G2-phase nuclei could be overcome by permeabiliz-
ing the envelopes of these nuclei. The existence of a
licensing factor with the following properties was pro-
posed: firstly, its presence in the nucleus is required to
provide a license for replication (that is, to confer initia-
tion competence); secondly, it is consumed or inactivated
by the process of initiation; and thirdly, its re-entry into
the nucleus is prevented by the nuclear envelope. Ac-
cording to this model, new rounds of replication require
removal of the nuclear envelope, a task that is normally
contingent upon mitosis but can be accomplished artifi-
cially by permeabilizing the nuclear envelope.
Studies of MCM homologs [8] identified in other eu-
karyotes suggest that the licensing factor paradigm may
need to be relaxed, at least with regard to these homo-
logs. Microinjection of antibodies against specific mouse
or human homologs [10,11] has provided a preliminary
indication that the homologs participate in the initiation
of DNA replication. However, in these species they re-
main nuclear throughout interphase. If the Mcm proteins
are true competence factors, their activity must be con-
fined to G1 phase by some means other than nuclear
localization. A hint that such temporal regulation exists is
offered by the observation that a mouse Mcm homolog,
which is relatively tightly associated with the nucleus
(and presumably with chromatin) in G1 phase, becomes
more easily extracted from the nucleus as DNA repli-
cation commences [11]; such changes in the protein's
behaviour could conceivably reflect changes in its activity.
Another protein that could be involved in setting up the
pre-replicative complex is encoded by the budding yeast
CDC6 gene. CDC6 is important for entry into S phase,
interacts genetically with ORC6 [4], and is periodically
expressed around the M/G1-phase boundary [12], short-
ly before the pre-replicative complex forms. Moreover,
results from in vivo footprinting experiments can be in-
terpreted to indicate that CDC6 function is required in
order to observe the pre-replicative footprint [7]. Further
analysis is needed to determine exactly what role, if any,
Cdc6 plays in assembling the pre-replicative complex.
Triggering S phase and losing initiation competence
The establishment of initiation competence only sets up
the potential for replication initiation. To realize this po-
tential, additional events are required in order to trigger
initiation and drive the cell into S phase. What are these
triggers and how are they regulated so that S-phase entry
is dependent on passage through the G1 commitment
point? In S. cerevisiae, two kinases, Cdc28 and Cdc7, have
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been implicated as possible triggers (Fig. 2). Cdc28 is the
budding yeast homolog of p34cdc2, one of the cyclin-
dependent kinases (cdks) that govern cell-cycle progres-
sion. Activation of cdks has long been recognised to drive
two key transitions in the cell cycle: passage through the
G1 commitment point and entry into mitosis. Different
cyclins are used at these two transitions. In S. cerevisiae,
passage through Start, which is the commitment point
for this organism, requires activation of Cdc28 by the
G-specific cyclins, Clnl-Cln3. Entry into mitosis, on
the other hand, requires activation by mitotic cyclins,
most notably Clbl-Clb4 [13]. In higher eukaryotes the
equivalent transitions involve cyclins E and D, and cyclin
B, respectively.
Hints that a third transition, the entry into S phase, also
requires Cdk activation were obtained when micro-
injected antibodies or antisense constructs against cyclin
A were found to delay or prevent the onset of S phase
in mammalian cells [14,15]. Although these experiments
could not pinpoint exactly when cyclin A is needed, the
observation that cyclin A first appears in nuclei at the
beginning of S phase suggests that it promotes the
G1/S-phase transition. Definitive evidence that S-phase
entry requires Cdk activation has now been obtained in
S. cerevisiae - cells containing a disruption in all six of
the known CLB genes, CLB1-CLB6, can pass Start but
are unable to enter S phase [16]. The primary responsi-
bility for triggering S-phase appears to belong to CLB5
and CLB6. They are the first CLB genes to be expressed,
and are maximally induced around the G/S-phase
boundary [17,18]. Their absence in a clb5-6 strain leads
to a delay in S-phase [18]. On the other hand, the fact
that S phase still occurs in this strain indicates that the
other CLB genes have a latent ability to promote S-phase
entry. This finding combined with the the observation
that CLB5, under certain circumstances, can help pro-
mote mitotic entry [18], indicates that the cyclins driving
S-phase and mitosis in S. cerevisiae are partially redundant.
Finally, the triggering of S phase by Clb-associated ki-
nases is made dependent on passage through Start in two
ways: it is required for expression of the CLB genes [19],
and for the destruction of Sic1 [16], a specific inhibitor
of Clb-associated kinases (Fig. 2).
CDC7 encodes the catalytic subunit of a serine/threo-
nine kinase which is activated by association with a regu-
latory subunit encoded by DBF4 [20]. CDC7 and DBF4
were first isolated as genes required late in G1 for entry
into S phase. DBF4 was recently re-isolated in a genetic
screen designed to detect proteins that interact with the
S. cerevisiae origin of replication in vivo [21]. Although
biochemical analysis is needed to determine whether the
Dbf4 protein binds to the origin directly or indirectly
(via association with the pre-replicative complex), this re-
sult suggests that the Cdc7/Dbf4 kinase acts at the origin
to help trigger initiation. It is unclear whether an analo-
gous mechanism for activating replication exists in other
eukaryotes, as homologs of Cdc7 and Dbf4 have yet to
be identified. Nonetheless, as expected for an initiation
Fig. 2. Dependence of replication initiation on passage through
Start. Two kinases (shown in blue boxes) that help trigger replica-
tion initiation [16,20] are activated through transcriptional
induction [19] of their regulatory subunits and/or by destruction
of a kinase inhibitor [16]. Both events require passage through
Start. The active kinases are likely to trigger initiation by targeting
the prereplicative complex, although the actual targets are
unknown.
trigger, the activity of this kinase requires passage through
Start, a requirement partly explained by the dependence
of Dbf4 expression on the Start transition (Fig. 2; [19]).
The identification of Cdc28 and Cdc7 as putative trig-
gers of replication initiation leaves open the question of
what their targets are and how phosphorylation of these
targets activates initiation? The most obvious target deser-
ving future investigation is the pre-replicative complex
(and the proteins that comprise it). A more difficult ques-
tion that remains is how replication initiation leads to the
loss of initiation competence? Because the assembly of a
pre-replicative complex may be essential for competence,
one idea worth pursuing is that initiation is coupled to
disassembly of the complex.
Completing the cell cycle and restoring initiation
competence
The discussion (above) of Mcm proteins suggested that
the initiation-incompetent state associated with S, G2 and
M phases arises from the absence of a competence factor
(or factors). Recent genetic evidence from the fission
yeast S. pombe now indicates that the cell-cycle machin-
ery may also actively inhibit reinitiation during this
period; presumably this inhibition is removed as cells pass
through mitosis. Loss-of-function mutations that severely
disrupted either the Schizosaccharomyces pombe Cdk, Cdc2,
or its cyclin B partner resulted in endoreduplication -
the execution of successive rounds of S phase in the
absence of mitosis [22,23]. (In these experiments Cdc2
was only transiently inactivated in G2 phase, in order to
preserve its required function at other points in the cell
cycle). Endoreduplication was also observed following
overexpression of Ruml, an inhibitor of cyclin B-Cdc2
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kinase [24]. These findings strongly suggest that the
key to restoring initiation competence in S. pomnbe is the
inactivation of the cyclin B-Cdc2 kinase, not the act of
mitosis per se. During most cell cycles, however, the re-
establishment of competence would be coupled to mito-
sis, because the exit from mitosis requires the destruction
of cyclin B.
How does cyclin B-cdc2 kinase activity inhibit initiation
competence? One possibility is that the kinase somehow
antagonizes the assembly of the pre-replicative complex
by targeting the participating components (such as homo-
logs of ORC, the Mcm proteins, or Cdc6). This hypo-
thesis is best studied in S. cerevisiae, where we can monitor
the presence of the pre-replicative complex as well as
changes in the phosphorylation state of its putative com-
ponents. Recent success in experimentally reproducing
endoreduplication in budding yeast (C. Dahmann and K.
Nasmyth; personal communication) should greatly facili-
tate these studies. Another issue raised by the observation
of endoreduplication concerns how re-initiation is pre-
vented during S phase: although endoreduplicating cells
reinitiate replication inappropriately, they do not do so
until S phase is completed. This indicates that the block
to reinitiation during S phase remains intact, and suggests
that an additional mechanism (although not necessarily
a different type of mechanism) prevents the assembly of
pre-replicative complexes while replication is proceeding.
Whatever the mechanism, it will be interesting to deter-
mine how entry into S-phase induces this block to re-
initiation and how this inhibitory mechanism monitors
ongoing replication.
From the recent results discussed here, it is apparent that
the DNA replication and cell-cycle fields are converging
on a common molecular understanding of how replica-
tion is initiated and controlled during the cell cycle. This
convergence is most developed in the yeast S. cerevisiae,
where it appears that the initiation of replication involves
multiple components that act in an ordered fashion at
different stages of the cell cycle. A biochemical analysis of
the properties and interactions of these components is
now needed in order to determine how they contribute
to the assembly of an active initiation complex and how
this complex initiates eukaryotic DNA replication.
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